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METHOD OF MANUFACTURING
SURFACE-EMITTING LASER ELEMENT

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] The present invention relates to a method of manu-
facturing a surface-emitting laser element, and particularly
to a method of manufacturing a surface-emitting laser ele-
ment having a photonic crystal.

2. Description of the Related Art

[0002] In recent years, the development of a photonic-
crystal surface-emitting laser (PCSEL) using a photonic
crystal (PC) has progressed.

[0003] For example, Patent Literature 1 discloses a pho-
tonic-crystal surface-emitting laser that includes a p-side
electrode that functions as a reflection surface and is capable
of emitting a main beam and a sub-beam.

[0004] Non-Patent Literature 1 discloses a photonic-crys-
tal surface-emitting laser using a semiconductor DBR as a
p-side reflection structure. Non-Patent Literature 2 discloses
a high-power photonic-crystal surface-emitting laser includ-
ing a p-side electrode that functions as a reflection surface.
[0005] Non-Patent Literature 3 discloses a formulation of
diffracted light of a photonic-crystal surface-emitting laser,
a diffracted radiation wave profile that is diffracted in a
photonic crystal layer and emitted in a direction perpendicu-
lar to the photonic crystal layer, and the like.

CITATION LIST

Patent Literature

[0006] Patent Literature 1: Japanese Patent Application
Laid-Open No. 2015-149403

Non-Patent Literatures

[0007] Non-Patent Literature 1: Yoshida, M. et al.,
Double-lattice photonic-crystal resonators enabling high-
brightness semiconductor lasers with symmetric narrow-
divergence beams. Nat. Mater. 18, 121 (2019)

[0008] Non-Patent Literature 2: Hirose, K. et al. Watt-
class high-power, high-beam-quality photonic-crystal
lasers. Nat. Photon. 8, 406-411 (2014) Non-Patent Lit-
erature 3: Y. Liang et al: Phys. Rev. B vol. 84, 195119
(2011)

SUMMARY OF THE INVENTION

[0009] In a photonic-crystal surface-emitting laser (PC-
SEL), light oscillated due to two-dimensional in-plane reso-
nance in a photonic crystal layer is diffracted in a direction
perpendicular to the plane, and emitted light is extracted
from a substrate side.

[0010] At that time, light diffracted from the photonic
crystal layer toward the substrate side (direct diffracted
light) and light diffracted in an opposite direction and
reflected by a reflection surface (reflected diffracted light)
interfere with each other. Due to this interference, charac-
teristics such as the slope efficiency of the emitted light are
greatly changed.

[0011] The interference between the direct diffracted light
and the reflected diffracted light is determined by an optical
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path length of a semiconductor layer between the photonic
crystal layer and the reflection surface, but it is very difficult
to grow the semiconductor layer by controlling a layer
thickness with high accuracy to such an extent that the
optical path length can be determined. Therefore, it has been
difficult to manufacture a photonic-crystal surface-emitting
laser in which characteristics of emitted light are controlled
with high accuracy.

[0012] The present invention has been made in view of the
above points, and an object of the present invention is to
provide a method of manufacturing a photonic-crystal sur-
face-emitting laser in which an oscillation wavelength and
emission light characteristics are controlled with high accu-
racy. Another object of the present invention is to provide a
photonic-crystal surface-emitting laser having high-perfor-
mance emission light characteristics such as high slope
efficiency, and a method of manufacturing the photonic-
crystal surface-emitting laser with good yield.

[0013] According to an embodiment of the present inven-
tion, there is provided a method of manufacturing a surface-
emitting laser element, including:

[0014] (a) forming a first conductivity-type first semi-
conductor layer including a photonic crystal layer on a
translucent substrate;

[0015] (b) performing crystal growth on the first semi-
conductor layer to form an active layer and a second
conductivity-type second semiconductor layer in this
order;

[0016] (c) performing spectrometry in which irradiation
light is incident from a surface of the second semicon-
ductor layer, and a layer thickness from the surface to
a position where the irradiation light is reflected by the
photonic crystal layer is measured;

[0017] (d) forming a translucent electrode, on the sec-
ond semiconductor layer, having a layer thickness
calculated on the basis of an optical path length corre-
sponding to the layer thickness obtained through the
spectrometry; and

[0018] (e) forming a light reflection layer on the trans-
lucent electrode, in which
[0019] the layer thickness of the translucent electrode

is determined such that a light intensity of interfer-
ence light of (i) direct diffracted light radiated from
the photonic crystal layer and emitted from a back
surface of the substrate and (ii) reflected diffracted
light radiated from the photonic crystal layer and
reflected by the light reflection layer is larger than a
light intensity of the direct diffracted light.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] FIG. 1A is a sectional view schematically showing
an example of a structure of a photonic-crystal surface-
emitting laser element 10 according to an embodiment of the
present invention.

[0021] FIG. 1B is a partially enlarged sectional view
schematically showing an air-hole layer 14P (photonic crys-
tal layer) of FIG. 1A and air holes 14K arranged in the
air-hole layer 14P.

[0022] FIG. 2A is a plan view schematically showing an
upper surface of the PCSEL element 10 (a state in which a
pad electrode 33 is removed).

[0023] FIG. 2B is a sectional view schematically showing
a section of the air-hole layer 14P in a plane parallel to an
n-side guide layer 14.
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[0024] FIG. 2C is a plan view schematically showing a
lower surface of the PCSEL element 10.

[0025] FIG. 3 is a diagram schematically showing an
example of an air hole arrangement in a plane parallel to the
photonic crystal layer 14P.

[0026] FIG. 4 is a manufacturing process flowchart show-
ing a method of manufacturing the PCSEL element 10.
[0027] FIG. 5 is a diagram schematically showing an
upper surface of a wafer WF after completion of crystal
growth.

[0028] FIG. 6 is a graph showing a spectral reflection
curve of the wafer WF after completion of the growth.
[0029] FIG. 7 is a diagram schematically showing surface
reflected light ES and reflected light ER from the photonic
crystal 14P when the wafer WF is irradiated with irradiation
light EM of a spectral reflection measurement apparatus.
[0030] FIG. 8 is a diagram schematically showing inter-
ference between reflected diffracted light Lr that is reflected
by a light reflection layer 32 and is emitted from a light
emission surface and diffracted light L.d that is directly
emitted from the light emission surface.

[0031] FIG. 9A is a graph plotting slope efficiency with
respect to an oscillation wavelength of the PCSEL element
10 of Example (EX).

[0032] FIG. 9B is a graph plotting slope efficiency with
respect to an oscillation wavelength of a PCSEL element of
a comparative example CMP.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0033] Hereinafter, preferred embodiments of the present
invention will be described, but these may be appropriately
modified and combined. In the following description and the
accompanying drawings, substantially the same or equiva-
lent parts will be described with the same reference numer-
als.

First Embodiment

[0034] 1. Structure of Photonic-Crystal Surface-Emitting
Laser

[0035] (a) Element Structure

[0036] A photonic-crystal surface-emitting laser (herein-

after, also referred to as a PCSEL) has a resonator layer
parallel to a semiconductor light emission structure layer (an
n-side guide layer, a light emission layer, and a p-side guide
layer) configuring a light emission element, and is an
element that emits coherent light in a direction orthogonal to
the resonator layer.

[0037] That is, in the photonic-crystal surface-emitting
laser (PCSEL), a light wave propagating in a plane parallel
to the photonic crystal layer is diffracted due to the diffrac-
tion effect of the photonic crystal to form a two-dimensional
resonance mode, and is also diffracted in a direction per-
pendicular to the parallel plane. That is, in the photonic-
crystal surface-emitting laser, a light extraction direction is
a direction perpendicular to the resonance direction (in-
plane parallel to the photonic crystal layer).

[0038] FIG. 1A is a sectional view schematically showing
an example of a structure of a photonic-crystal surface-
emitting laser element (hereinafter, referred to as a PCSEL
element) 10 according to an embodiment of the present
invention. FIG. 1B is an enlarged sectional view schemati-
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cally showing a photonic crystal layer 14P in FIG. 1A and
an air hole pair 14K arranged in the photonic crystal layer
14P.

[0039] As shown in FIG. 1A, a semiconductor structure
layer 11 is formed on a translucent (i.e., light-transmissive)
substrate 12. A semiconductor layer is laminated perpen-
dicular to a central axis CX of the semiconductor structure
layer 11.

[0040] The semiconductor structure layer 11 is made of a
hexagonal nitride semiconductor. In the present embodi-
ment, the semiconductor structure layer 11 is made of, for
example, a GaN-based semiconductor.

[0041] More specifically, the semiconductor structure
layer 11 including a plurality of semiconductor layers on the
substrate 12, that is, an n-clad layer (first conductivity-type
first clad layer) 13, and an n-side guide layer (first guide
layer) 14 that is a guide layer provided on the n side, an
active layer (ACT) 15, a p-side guide layer (second guide
layer) 16 that is a guide layer provided on the p side, and an
electron blocking layer (EBL) 17, a p-clad layer (second
conductivity-type second clad layer) 18, and a p-contact
layer 19 are formed in this order.

[0042] A case where the first conductivity type is an n type
and the second conductivity type that is an opposite con-
ductivity type of the first conductivity type is a p type will
be described. However, the first conductivity type and the
second conductivity type may be respectively a p type and
an n type.

[0043] The substrate 12 is a hexagonal GaN single crystal
and has a high transmittance of light emitted from the active
layer 15. More specifically, the substrate 12 is a hexagonal
GaN single crystal substrate having the +c plane of which a
major surface (crystal growth plane) is the {0001} plane in
which Ga atoms are arranged on the outermost surface. A
back surface (light emission surface) is the —c plane that is
the (000-1) face in which N atoms are arranged on the
outermost surface. The —c face is resistant to oxidation and
the like, and is thus suitable as a light emission surface.
[0044] The substrate 12 is not limited to this, but a
so-called just substrate, or, for example, a substrate of which
a major surface is offset to about 1° in the m-axis direction
is preferably used. For example, a substrate of which a major
surface is offset to about 1° in the m-axis direction can
obtain mirror growth under a wide range of growth condi-
tions.

[0045] A substrate surface (a back surface or a light
emission surface) provided with a light emission region 20L
opposite to the major surface is the “~c” plane that is the
(000-1) plane in which N atoms are arranged on the outer-
most surface. The —c plane is resistant to oxidation and the
like, and is thus suitable as a light extraction surface.
[0046] Hereinafter, configurations such as a composition
and a layer thickness of each semiconductor layer will be
described, but these are merely examples and can be appro-
priately modified and applied.

[0047] The n-clad layer 13 is, for example, an n-Al, ,,Ga,
96N layer having an Al composition of 4% and a layer
thickness of 2 um. A composition ratio of aluminum (Al) is
based on a composition in which a refractive index is smaller
than that of a layer (that is, the n-side guide layer 14)
adjacent to the active layer 15 side.

[0048] The n-side guide layer 14 includes a lower guide
layer 14A, an air-hole layer 14P that is a photonic crystal
layer (PC layer), and an embedded layer 14B. As shown in
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FIG. 1B, the air-hole layer 14P has a layer thickness dpc and
the embedded layer 14B has a layer thickness dEMB.
[0049] The lower guide layer 14A is, for example, n-GaN
having a layer thickness of 20 to 500 nm. The air-hole layer
14P is n-GaN having a layer thickness (or a height of the air
hole 14K) dpc of 60 to 150 nm.

[0050] The embedded layer 14B is made of n-GaN, n-In-
GaN, or undoped GaN or undoped InGaN. Alternatively, the
embedded layer 14B may be a layer in which these semi-
conductor layers are laminated or stacked. The embedded
layer 14B has a layer thickness of, for example, 50 to 150
nm.

[0051] The active layer 15 that is a light emission layer is,
for example, a multiple quantum well (MQW) layer having
two quantum well layers. The MQW barrier layer and
quantum well layer are GaN (layer thickness of 6.0 nm) and
InGaN (layer thickness of 3.0 nm), respectively. A gain
wavelength of the active layer 15 is 432 nm.

[0052] The active layer 15 is preferably disposed within
180 nm from the air-hole layer 14P. In this case, a high
resonance effect is obtained by the air-hole layer 14P.
[0053] The p-side guide layer 16 is made of, for example,
undoped GaN or undoped InGaN and has a layer thickness
of 100 to 350 nm. Although the p-side guide layer 16 is an
undoped layer in consideration of light absorption of a
dopant, magnesium (Mg) or the like may be doped in order
to obtain good electrical conductivity.

[0054] Alternatively, the p-side guide layer 16 may have a
structure in which an undoped layer and a doped layer are
laminated. An InGaN layer and the GaN layer may be
laminated as the p-side guide layer 16, and an In composi-
tion and a layer thickness of the InGaN layer may be
selected as appropriate.

[0055] The electron blocking layer (EBL) 17 is a p-type
Al ,Ga, ¢N layer doped with magnesium (Mg), and has a
layer thickness of, for example, 15 nm.

[0056] The p-clad layer 18 is an Mg-doped p-Al, sGag
94N layer, and has, for example, a layer thickness of 50 to
600 nm. An Al composition of the p-clad layer 18 is
preferably selected such that a refractive index is smaller
than that of the p-side guide layer 16.

[0057] The p-contact layer 19 is an Mg-doped p-GaN
layer and has, for example, a layer thickness of 25 nm. A
carrier density of the p-contact layer 19 is a concentration at
which ohmic junction with the translucent (i.e., light-trans-
missive) electrode 31 provided on the surface of the p-con-
tact layer 19 is possible. Instead of p-type GaN, p-type
InGaN may be used. Alternatively, a layer in which a GaN
layer and an InGaN layer are laminated may be used.
[0058] In the present specification, an “n side” and a “p
side” do not necessarily mean having an n type and a p type.
For example, the n-side guide layer means a guide layer
provided on the n side of the active layer, and may be an
undoped layer (or an i layer).

[0059] The n-clad layer 13 may include a plurality of
layers instead of a single layer. In this case, all the layers
need not be n layers (n-doped layers), and may include an
undoped layer (i layer). The same applies to the guide layer
16 and the p-clad layer 18.

[0060] It is not necessary to provide all of the above
semiconductor layers, and there may be a configuration in
which a first conductivity-type first semiconductor layer
including the photonic crystal layer, a second conductivity-
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type second semiconductor layer, and an active layer (light
emission layer) interposed therebetween are provided.
[0061] The side surfaces and the upper surface of the
semiconductor structure layer 11 are covered with an insu-
lating film 21 such as SiO,. The insulating film 21 is
provided with an opening OP having a diameter RA (central
axis CX) that exposes the upper surface of the semiconduc-
tor structure layer 11 (that is, the upper surface of the
p-contact layer 19).

[0062] The insulating film 21 also functions as a protective
film and protects the crystal layer containing aluminum (Al)
forming the PCSEL element 10 from a corrosive gas and the
like. The insulating film 21 prevents short circuits or the like
due to deposits and creeping-up of a solder during mounting,
and contributes to improvement of reliability and yield. A
material of the insulating film 21 is not limited to SiO,, and
Zr0,, HfO,, TiO,, Al,0;, SiNx, Si, and the like may be
selected.

[0063] The translucent electrode 31 (anode) that makes
ohmic contact with the p-contact layer 19 is provided on the
p-contact layer 19 exposed from the opening OP. More
specifically, the translucent electrode 31 fills the opening OP
and is formed such that a peripheral edge portion straddles
the insulating film 21. For better understanding, a region in
the opening OP of the translucent electrode 31 will be
described as an anode region RA by using the same refer-
ence numeral as the diameter of the opening OP.

[0064] The translucent electrode 31 is formed of a trans-
Iucent conductor and is made of, for example, indium tin
oxide (ITO). The translucent electrode 31 is not limited to
ITO, and a translucent conductor such as zinc tin oxide
(ZT0), GZO (Zn0O:Ga), or AZO (ZnO:Al) may be used.
[0065] A silver alloy (Ag alloy) layer is provided as the
light reflection layer 32 on the translucent electrode 31. The
light reflection layer 32 is provided to cover at least the
entire opening OP in a plan view. The light reflection layer
32 has a flat surface (upper surface) parallel to the air-hole
layer 14P.

[0066] As the light reflection layer 32, Ag, Al, an Al alloy,
a dielectric distributed Bragg reflector (DBR) or the like
may also be used.

[0067] A pad electrode 33 made of nickel/palladium/gold
(Ni/Pd/Au) is provided to cover the entire light reflection
layer 32 on the light reflection layer 32. For the pad electrode
33, Ni/Au, platinum/gold (Pt/Au), Pt/Pd/Au, titanium/gold
(Ti/Au), Ti/PtY/Au, tungsten/palladium/gold (W/Pd/Au),
W/Au, W/Pt/Au, and the like may also be used.

[0068] An annular cathode electrode 20A is formed on the
back surface of the substrate 12. A non-reflection (AR) coat
layer 27 is formed inside the cathode electrode 20A.
[0069] The cathode electrode 20A is made of Ti/Pt/Au and
is in ohmic contact with the substrate 12. In addition to
Ti/Pu/Au, as electrode materials, Ti/Al, Ti/Rh, Ti/Al/Pt/Au,
Ti/Au, vanadium/aluminum (V/Al), V/Rh, and V/Al/Pt./Au,
V/Pt/Au, and the like may be selected.

[0070] Radiated light from the active layer 15 is diffracted
by the air-hole layer (PC layer) 14P. Light (direct diffracted
light [.d: first diffracted light) diffracted by the air-hole layer
14P and directly emitted from the air-hole layer 14P, and
light (reflected diffracted light Lr: second diffracted light)
emitted due to diffraction of the air-hole layer 14P and
reflected by the light reflection layer 32 are emitted to the
outside from the light emission region 20L (FIG. 2C) of the
back surface (emission surface) 12R of the substrate 12.
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[0071] FIG. 2A is a plan view schematically showing the
upper surface of the PCSEL element 10. FIG. 2A schemati-
cally shows the upper surface in a state in which the pad
electrode 33 is removed for the sake of clarity in the figure
and better understanding.

[0072] FIG. 2B is a sectional view schematically showing
a section of the air-hole layer 14P in a plane parallel to the
n-side guide layer 14, and FIG. 2C is a plan view schemati-
cally showing a lower surface of the PCSEL element 10.
[0073] As shown in FIG. 2B, in the air-hole layer 14P, the
air holes 14K are periodically arranged and provided in, for
example, a rectangular air hole forming region 14R. As
shown in FIG. 2C, the anode region RA is formed to be
included in the air hole forming region 14R.

[0074] The cathode electrode 20A is provided as an annu-
lar electrode on the outside of the air hole forming region
14R not to overlap the air hole forming region 14R when
viewed from a direction perpendicular to the air-hole layer
14P.

[0075] A region inside the cathode electrode 20A is the
light emission region 20L. A bonding pad 20C that is
electrically connected to the cathode electrode 20 and is
connected to a wire for supplying power from the outside is
provided.

[0076] (b) Photonic Crystal Layer

[0077] As shown in FIGS. 1A and 1B, the photonic crystal
layer 14P includes regularly arranged air holes that reson-
tate, in a horizontal plane, light radiated from the active layer
15.

[0078] FIG. 3 is a diagram schematically showing an
example of an air hole arrangement in a plane parallel to the
photonic crystal layer 14P. That is, FIG. 3 is a plan view
schematically showing a case where the air hole pair 14K
(hereinafter, simply referred to as the air holes 14K in some
cases) including a main air hole 14K1 and a secondary air
hole 14K2 arranged at a square lattice position in the plane
of the photonic crystal layer 14P is viewed from the upper
surface.

[0079] That is, the photonic crystal layer 14P has a double-
lattice structure. For the sake of clarity in the figure, the main
air holes 14K1 and the secondary air holes 14K2 are
hatched.

[0080] More specifically, the main air holes 14K1 are
arranged at square lattice positions with a period PK in two
directions (x-direction and y-direction) in which centroids
CD1 are orthogonal to each other. Similarly, the secondary
air holes 14K2 are arranged at square lattice positions with
the period PK in the x-direction and the y-direction.
[0081] The main air hole 14K1 has a long hexagonal shape
surrounded by the m-plane that is the {10-10} plane in a plan
view (that is, when viewed from a direction perpendicular to
the photonic crystal layer 14P). The secondary air hole 14K2
also has a shape surrounded by the m-plane.

[0082] The x-direction and the y-direction are directions
inclined by 45° with respect to the major axis direction
(<11-20> direction) and the minor axis direction (<1-100>
direction) of the main air hole 14K1, respectively. In the
present specification, the x-y coordinate is also referred to as
an air hole coordinate.

[0083] The centroid CD2 of the secondary air hole 14K2
is separated from the centroid CD1 of the main air hole
14K1 by Ax in the x direction and Ay in the y direction.
Here, Ax=Ay=0.46PK is set. That is, the centroid CD2 of the
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secondary air hole 14K2 is separated from the centroid CD1
of the main air hole 14K1 in the <1-100> direction.
[0084] Here, the distance Ax between the centroids in the
x direction and the distance Ay between the centroids in the
y direction may be adjusted as appropriate according to laser
characteristics such as a current value required for a device
to which the laser element is applied and a slope efficiency
of the emission intensity of the laser.

[0085] Here, a case where the photonic crystal layer 14P
has a double-lattice structure will be described as an
example, but the present invention is not limited thereto. The
photonic crystal layer 14P may have a single-lattice structure
or a multi-lattice structure.

[0086] 2. Method of Manufacturing PCSEL Element
[0087] Next, a method of manufacturing the PCSEL ele-
ment 10 will be described according to a manufacturing
process flow shown in FIG. 4. In the following Example
(EX), it was examined to improve the slope efficiency of the
PCSEL element 10 having an oscillation wavelength of 432
nm.

[0088] (S1: Crystal Growth Step)

[0089] A metalorganic vapor phase epitaxy (MOVPE)
apparatus was used to form an n-Al, ,,Ga, N layer that is
the n-clad layer 13 with a thickness of 2 um on the +c-plane
GaN substrate 12. Subsequently, an n-GaN layer was sub-
sequently formed with a thickness of 500 nm on the n-clad
layer 13.

[0090] (S2: Patterning Step)

[0091] A SiNx film was formed on the n-GaN layer at
about 100 nm by using a plasma CVD method. Next, an
electron beam drawing resist was applied onto the SiNx film
according to a spin coating method and placed in an electron
drawing apparatus (EB apparatus) to form a two-dimen-
sional periodic pattern corresponding to the above-described
two-dimensional photonic crystal structure.

[0092] In this case, in order to examine the influence of a
phase, the resist was patterned to have different air hole
periods PKj in a plurality of air hole forming regions Wj
such that an element having an oscillation wavelength of
429 nm to 440 nm can be obtained in the same substrate.
[0093] After the patterned resist was developed, SiNx was
selectively dry-etched by using an inductively coupled
plasma reactive ion etching (ICP-RIE) apparatus. As a
result, the air holes arranged in a square lattice were formed
to penetrate through the SiNx film.

[0094] Thereafter, the resist was removed, and the n-GaN
layer was dry-etched by the ICP-RIE apparatus using Cl,,
BCl;, and Ar gas with SiNx as a hard mask. An etching depth
at this time was approximately 190 nm. Thereafter, the SiNx
hard mask was removed with a buffered hydrofluoric acid
(BHF).

[0095] (S3: Recrystallization Growth Step)

[0096] The substrate on which the photonic crystal was
formed was put into the MOVPE apparatus again and
embedded and grown to leave air holes. That is, undoped
GaN was grown to a thickness of 70 nm and undoped InGaN
was grown to a thickness of nm to form the embedded layer
14B. As a result, the n-side guide layer 14 including the
photonic crystal layer 14P was formed.

[0097] Subsequently, two pairs of InGaN/GaN active lay-
ers 15 (MQW layers) were grown on the embedded layer
14B (that is, on the n-side guide layer 14). Subsequently, the
p-side guide layer 16 was formed on the active layer 15 by
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growing undoped InGaN to a thickness of 70 nm and
undoped GaN to a thickness of 180 nm.

[0098] Subsequently, the p-AlGaN electron blocking layer
17 was grown to a thickness of 15 nm, and the p-AlGaN
layer (p-clad layer 18) was grown on the electron blocking
layer 17 to a thickness of 300 nm. Next, the p-contact layer
19 made of a p-GaN/p-InGaN layer was grown to a thick-
ness of 25 nm.

[0099] All the semiconductor layers formed on the n-side
guide layer 14 will be referred to as semiconductor layers
11K on the guide layer.

[0100] FIG. 5 is a diagram schematically showing an
upper surface of the wafer WF formed as described above
after completion of crystal growth. Specifically, FIG. 5
shows that the regions Wj (W1 to W9) in which air holes are
arranged at different air hole periods PKj (where j=1 to 9)
are provided in the photonic crystal layer 14P formed in the
n-side guide layer 14.

[0101] More specifically, the air hole period PKj in each of
the regions W1 to W9 is set to be an integer multiple of an
oscillation wavelength (). In order to set the oscillation
wavelength to 429 nm to 440 nm, the air hole period PKj is
set every 1.2 nm for PK1=172 nm, PK2=173.2 nm, . . ., and
PK9=182.8 nm.

[0102] The air holes 14K1 and 14K2 have a hexagonal
shape surrounded by the m-plane that is the {10-10} plane
in a plan view. A height of the main air hole 14K1 of the
photonic crystal layer 14P was 90 nm, and a height of the
secondary air hole 14K2 was 70 nm.

[0103] Here, the watfer WF having the different air hole
period PKj for each region Wj is formed in order to perform
evaluation using spectral reflection measurement that will be
described later, but the photonic crystal layer 14P in one air
hole period PK may be formed in the wafer WF for actually
manufacturing the PCSEL element 10.

[0104] (S4: Spectral Reflection Measurement Step)
[0105] Light was incident from the outermost growth
surface (that is, the surface of the p-contact layer 19) of the
above-described grown wafer WF (hereinafter, also simply
referred to as a wafer WF), and spectral reflection measure-
ment was performed. A thickness of the translucent elec-
trode 31 (translucent conductor film) to be subsequently
formed was determined on the basis of results of the spectral
reflection measurement. Details of a spectral reflection mea-
surement method and results thereof will be described later.
[0106] (SS5: Insulating Film Forming Step)

[0107] SiO, was formed with a thickness of 100 nm on the
grown water WF through sputtering to form the insulating
film 21. Subsequently, after patterning the resist according to
photolithography, SiO, was removed by BFH to form an
opening OP having a diameter of 300 um to which the upper
surface of the p-contact layer 19 was exposed.

[0108] (S6: Translucent Electrode Forming Step)

[0109] Next, the translucent electrode 31 that is an ITO
film covering the upper surface of the insulating film 21 and
filling the inside of the opening OP was formed through
sputtering.

[0110] Subsequently, the resist was patterned according to
photolithography and then wet etching was performed to
remove an [TO film in an unnecessary region to form the
translucent electrode 31 having a flat surface and parallel to
the photonic crystal layer 14P.

[0111] From the results of the spectral reflection measure-
ment, a layer thickness of the translucent electrode 31 was
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set to 135 nm in the wafer WF of Example (EX). The wafer
of the comparative example (CMP) was set to 135 nm that
is the same as that of the wafer of Example (EX) in order to
evaluate element characteristics.

[0112] That is, in Example (EX), the layer thickness of the
translucent electrode 31 was set to a layer thickness at which
conditions in which the phases of the direct diffracted light
Ld and the reflected diffracted light Lr match and the two
pieces of diffracted light are most intensified due to inter-
ference are satisfied, and, in the comparative example
(CMP), the layer thickness was set to a layer thickness that
deviates from the conditions in which the two pieces of
diffracted light are most intensified (however, the light
intensity is larger than that of the direct diftracted light L.d).
[0113] Here, conditions (interference conditions) in which
a light intensity of interference light of the direct diffracted
light [.d and the reflected diffracted light Lr is intensified
may be conditions in which the light intensity of the inter-
ference light is larger than the light intensity of the direct
diffracted light [.d. Conditions in which the phases of the
direct diffracted light [.d and the reflected diffracted light Lr
emitted from the PCSEL element 10 match and the two
pieces of diffracted light are most intensified are preferably
employed.

[0114] The layer thickness of the translucent electrode 31
may be a layer thickness satisfying conditions in which the
light intensity of the interference light of the direct diffracted
light L.d and the reflected diffracted light Lr is weakened.
[0115] (S7: Light Reflection Layer Forming Step)

[0116] A silver (Ag) alloy was formed with a thickness of
150 nm on the translucent electrode 31 to form the light
reflection layer 32. Due to the formation of the light reflec-
tion layer 32, a light reflection surface SR was formed at an
interface between the translucent electrode 31 and the light
reflection layer 32.

[0117] (S8: Electrode and Antireflection Layer Forming
Step)
[0118] Ni/Pd/Au was sequentially formed with a thickness

of 10 nm/200 nm/800 nm on the light reflection layer 32 to
form the pad electrode 33.

[0119] Next, the back surface of the substrate was polished
and then mirror-finished through chemical mechanical pol-
ishing (CMP) to obtain the wafer WF having a thickness of
170 nm. Subsequently, Ti/Pt/Au (layer thickness: 50 nm/50
nm/500 nm) was formed on the polished surface to form the
cathode electrode 20A.

[0120] SiN./SiO, (layer thickness: 32 nm/53 nm) is
formed on the back surface of the substrate in the inner
region (that is, the light emission region 20L) of the cathode
electrode 20A, and the non-reflection coat layer 27 that is an
antireflection layer is formed.

[0121] (S9: Dicing Step)

[0122] Finally, the wafer WF was scribed by using a laser
scribing device or a diamond scribing device, and was
fragmented by using a cleaving device to obtain 80 PCSEL
elements 10 having different air hole periods PK (oscillation
wavelength A).

[0123] 3. Spectral Reflection Measurement and Evalua-
tion Results
[0124] A spectral reflection measurement method in the

above spectral reflection measurement step (S4) and results
thereof will be described.

[0125] FIG. 6 is a graph showing a spectral reflection
curve of the wafer WF after completion of growth. FIG. 7 is
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a diagram schematically showing surface reflected light ES
and reflected light ER from the photonic crystal 14P when
the wafer WF is irradiated with irradiation light EM of a
spectral reflection measurement apparatus. For the sake of
clarity in the drawing, the main air holes 14K1 and the
secondary air holes 14K2 of the photonic crystal layer 14P
are shown as the air hole pair 14K.

[0126] The photonic crystal layer 14P is a layer including
air holes and has a refractive index lower than that of other
semiconductor layers. Thus, an observed spectral reflection
curve shown in FIG. 6 is a result of interference between the
surface reflected light ES and the reflected light ER from the
photonic crystal 14P, as schematically shown in FIG. 7.
[0127] Since the back surface of the GaN substrate 11 is a
rough surface, light is scattered and reflection on the back
surface can be almost ignored. Since a refractive index
difference between other semiconductor layers (for example,
between GaN/AlGaN layers) is about 107" to 1072, reflection
at these interfaces has almost no influence.

[0128] The layer thickness was obtained from the spectral
reflection curve shown in FIG. 6 as GaN for each semicon-
ductor layer of the semiconductor layers 11K on the guide
layer. Specifically, although the semiconductor layers 11K
on the guide layer include a layer having a mixed crystal
composition (InAlGaN layer), an optical path length from
the photonic crystal layer 14P to the surface of the p-contact
layer 19 is important. Therefore, calculation and fitting were
performed assuming that the semiconductor layers 11K on
the guide layer were a single layer of the GaN layer, and a
layer thickness thereof was obtained.

[0129] The layer thickness of each semiconductor layer of
the semiconductor layers 11K on the guide layer may be
obtained in detail with a spectroscopic ellipsometer. A
method of obtaining layer thickness may be performed by
using an existing technique based on fundamental Fresnel
reflection.

[0130] As described above, a layer thickness DP (or an
optical path length) from the surface of the p-contact layer
19 (that is, the surface of the wafer WF) to a reflection
position RP of the irradiation light (i.e., spectrometry light)
EM in the photonic crystal layer 14P was determined. As a
result, the layer thickness DP in Example EX was 735 nm.
[0131] A wafer grown under the same conditions as the
wafer WF of Example EX described above was formed as a
wafer WC of the comparative example CMP. That is, the
wafer WC of Comparative Example CMP has an n-guide
layer 14 and a photonic crystal 14P having the same struc-
ture as the wafer WF of Example EX.

[0132] That is, from the viewpoint of reproducibility of
the layer thickness in the crystal growth, a growth layer
thickness (the layer thickness of the semiconductor layers
11K on the guide layer) is assumed to be different between
the wafer WF of Example EX and the wafer WC of the
comparative example CMP even in the case of crystal
growth under the same conditions.

[0133] Actually, as shown in FIG. 6, it was found that the
spectral reflection curve was slightly shifted to the long
wavelength side compared with the wafer WF of Example
EX. From the measured spectral reflection curve, the layer
thickness DP of the wafer WC of the comparative example
CMP was determined and found to be DP=755 nm. There-
fore, it was found that the layer thickness of the semicon-
ductor layers 11K on the guide layer differs from the wafer
WF of Example EX by about 3%.
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[0134] 4. Characteristics Evaluation of PCSEL Element
[0135] FIG. 8 schematically shows interference between
the reflected diffracted light Lr that is radiated from the
photonic crystal layer 14P, reflected by the light reflection
layer 32 (light reflection surface SR), and emitted from the
back surface (light emission surface) side of the substrate 12,
and the direct diffracted light [.d emitted from the photonic
crystal layer 14P toward the back surface side of the
substrate 12.

[0136] The direct diffracted light [.d and the reflected
diffracted light Lr interfere with each other due to an optical
path length difference corresponding to the layer thickness
DP. As is clear from FIG. 8, the optical path length difference
between the direct diffracted light [.d and the reflected
diffracted light Lr is the same as twice the distance that is a
sum of the layer thickness DP and the layer thickness of the
translucent electrode 31 (from the surface of the p-contact
layer 19 to the light reflection layer 32). Thus, the layer
thickness of the translucent electrode 31 satisfying the
interference condition can be calculated by obtaining the
layer thickness DP. In Example (EX), the layer thickness of
the translucent electrode 31 is determined such that the
phases of the direct diffracted light [.d and the reflected
diffracted light Lr match. In the comparative example
(CMP), the translucent electrode 31 having a layer thickness
that deviates the conditions in which the phases of the direct
diffracted light Ld and the reflected diffracted light Lr match
is provided.

[0137] Since the spectral reflection measurement is used,
the reflection position RP in the photonic crystal 14P can be
directly measured. The measurement is non-destructive, and
an optical path length can be calculated with high accuracy
even in a layer in which a plurality of layers having different
refractive indices are laminated. That is, the optical path
length difference between the direct diffracted light [.d and
the reflected diffracted light Lr can be measured directly and
with high accuracy.

[0138] Specifically, the accuracy of the optical path length
difference is within 1%, which is within 2 to 3 nm when
converted into the layer thickness of the semiconductor
layer.

[0139] A diffraction position (wave source position) WS
of the diffracted light in the photonic crystal layer 14P may
be slightly different from the reflection position RP in the
spectrometry due to a difference between the oscillation
wavelength and the wavelength of the irradiation light in the
spectrometry (FIG. 8).

[0140] Forexample, from Non-Patent Literature 3, a wave
source (diffraction surface) of the diffracted wave by the
air-hole layer 14P and a radiated wave that is diffracted and
radiated in the vertical direction of the air-hole layer 14P can
be calculated by using the coupled wave theory.

[0141] However, in consideration of controllability and
reproducibility of the layer thickness of the semiconductor
layer in crystal growth, the diffraction position (wave source
position) WS can be sufficiently approximated by the reflec-
tion position RP in the spectral reflection measurement.
[0142] FIG. 9A is a graph plotting the slope efficiency with
respect to the oscillation wavelength of the PCSEL element
10 of Example (EX) obtained from the wafer WF (the layer
thickness of the translucent electrode 31: 135 nm).

[0143] FIG. 9B is a graph plotting the slope efficiency with
respect to the oscillation wavelength of the PCSEL element
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of the comparative example CMP obtained from the wafer
WC (the layer thickness of the translucent electrode 31: 135
nm).

[0144] Specifically, results obtained by injecting a pulse
current into the PCSEL element of Example (EX) and the
PCSEL element of the comparative example CMP, perform-
ing optical output measurement, and measuring the slope
efficiency are shown.

[0145] As shown in FIG. 9A, in the PCSEL element 10 of
Example (EX), the maximum slope efficiency was observed
near an oscillation wavelength of 432 nm (one-dot chain line
in the figure) that is a target oscillation wavelength. This is
an effect due to interference, and when the oscillation
wavelength changes, the optical path length changes and the
slope efficiency changes.

[0146] On the other hand, as shown in FIG. 9B, in the
PCSEL element of the comparative example CMP, the
maximum slope efficiency was observed in the vicinity of
438 nm that is an oscillation wavelength deviating from the
target oscillation wavelength. A width of the distribution of
the slope efficiency is also larger than that of the PCSEL
element 10 of Example (EX), and the yield of the element
having a desired oscillation wavelength and the slope effi-
ciency is low.

[0147] Inother words, in the wafer WC of the comparative
example CMP, in order to obtain the maximum slope effi-
ciency at the oscillation wavelength of 432 nm as in the
wafer WF of Example (EX), the layer thickness of the
translucent electrode 31 may be 110 nm.

[0148] Even in a case where the photonic crystal layer 14P
has a multi-lattice structure, the layer thickness DP (or
optical path length) up to the reflection position RP can be
actually measured with high accuracy. This is because, in the
multi-lattice structure, the reflection position RP can change
significantly depending on a relative size of the main air hole
and the secondary air hole, a relative arrangement in the
depth direction, and shapes.

[0149] The case where the crystal is grown according to
the MOVPE method has been described, but the present
invention is not limited thereto. For example, a gas phase
growth method such as a molecular beam epitaxy (MBE)
method, a hydride gas phase growth method (HYPE
method), or a sputtering method, or a liquid phase growth
method can also be applied.

[0150] As described above, spectral reflection measure-
ment is performed on the wafer after crystal growth, the
layer thickness of the semiconductor layer is analyzed, and
the layer thickness of the translucent electrode 31 is deter-
mined according to the layer thickness. Consequently, it is
possible to obtain a photonic-crystal surface-emitting laser
in which the oscillation wavelength and the emission light
characteristics are controlled with high accuracy, and to
provide a method of manufacturing the photonic-crystal
surface-emitting laser with high yield.

[0151] 10: PCSEL element

[0152] 11: semiconductor structure layer

[0153] 11K: semiconductor layer on n-guide layer
[0154] 12: substrate

[0155] 13: first clad layer

[0156] 14: first guide layer

[0157] 14A: lower guide layer
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[0158] 14P: photonic crystal layer
[0159] 14B: embedded layer
[0160] 14K: air hole

[0161] 15: active layer

[0162] 16: second guide layer
[0163] 17: electron blocking layer
[0164] 18: second clad layer
[0165] 19: contact layer

[0166] 20A: cathode electrode

[0167] 21: insulating film

[0168] 31: translucent electrode

[0169] 32: light reflection layer

[0170] 33: pad electrode

[0171] DP: layer thickness between surface and reflec-

tion position

[0172] OP: opening
[0173] RP: reflection position
[0174] SR: reflection surface

What is claimed is:

1. A method of manufacturing a surface-emitting laser
element, comprising:

(a) forming a first conductivity-type first semiconductor
layer including a photonic crystal layer on a translucent
substrate;

(b) performing crystal growth on the first semiconductor
layer to form an active layer and a second conductivity-
type second semiconductor layer in this order;

(c) performing spectrometry in which irradiation light is
incident from a surface of the second semiconductor
layer, and a layer thickness from the surface to a
position where the irradiation light is reflected by the
photonic crystal layer is measured;

(d) forming a translucent electrode, on the second semi-
conductor layer, having a layer thickness calculated on
the basis of an optical path length corresponding to the
layer thickness obtained through the spectrometry; and

(e) forming a light reflection layer on the translucent
electrode, wherein the layer thickness of the translucent
electrode is determined such that a light intensity of
interference light of (i) direct diffracted light radiated
from the photonic crystal layer and emitted from a back
surface of the substrate and (ii) reflected diffracted light
radiated from the photonic crystal layer and reflected
by the light reflection layer is larger than a light
intensity of the direct diffracted light.

2. The method of manufacturing a surface-emitting laser
element according to claim 1, wherein the spectrometry is
performed by using a spectroscopic ellipsometer.

3. The method of manufacturing a surface-emitting laser
element according to claim 1, wherein the photonic crystal
layer has a multi-lattice structure.

4. The method of manufacturing a surface-emitting laser
element according to claim 1, wherein the active layer and
the second semiconductor layer are crystal-grown according
to an MOVPE method.

5. The method of manufacturing a surface-emitting laser
element according to claim 1, wherein the layer thickness of
the translucent electrode is determined such that phases of
the direct diffracted light and the reflected diffracted light
match each other.



